There is consistent evidence of the association between ideal cardiovascular health and lower incident cardiovascular disease (CVD); however, most studies used a single measure of cardiovascular health.
P rimordial prevention, ie, preventing the development of risk factors before they emerge, is increasingly emphasized as a complementary prevention strategy for cardiovascular disease (CVD). 1 To this end, the American Heart Association (AHA) developed a simple 7-item tool consisting of 4 behavioral metrics (nonsmoking, and ideal levels of body weight, physical activity, and diet) and 3 biological metrics (ideal levels of untreated blood pressure, fasting blood glucose, and total cholesterol) for promoting ideal cardiovascular health. Recent studies and meta-analyses 2,3 have consistently reported substantial benefit of high cardiovascular health and having higher ideal metrics for incident CVD events and mortality. Despite their prospective nature, most but not all 4 previous studies used a single assessment of cardiovascular health. Whether cardiovascular health changes over time and how these changes are related to incident CVD and mortality is largely unknown.
5
Using serial examinations of the Whitehall II study, 6 the aims of the present study were the following: (1) to quantify the association of time-varying cardiovascular health during follow-up with incident CVD events, all-cause mortality, and cause-specific mortality; (2) to describe change in cardiovascular health over 10 years; and (3) to quantify the association of change in cardiovascular health with subsequent incident CVD and mortality.
Methods

Participants
The Whitehall II study is an ongoing prospective cohort study originally employed by the British civil service in Londonbased offices. 6 A total of 10 308 participants (6895 men and 3413 women; aged 35-55 years) were recruited between 1985 and 1988, during which time they underwent a clinical examination and provided responses on a self-administered questionnaire. Subsequent uniform, structured clinical examinations, consisting of measures of anthropometry, cardiovascular and metabolic risk factors, and self-administrated questionnaires were completed approximately every 5 years (1991/ 1993, 1997/1999, 2002/2004, 2007/2009, 2012/2013, and 2015/ 2016) . Participant consent and research ethics approvals (University College London [UCL] ethics committee) were renewed at each contact; the latest approval was by the Joint UCL/ UCLH Committee on the Ethics of Human Research.
Cardiovascular Health Metrics and Status
The AHA criteria were used to define the 7 metrics of cardiovascular health at all waves (eTable 1 in the Supplement). 1 Cardiovascular health status was then categorized as high, moderate, or low to reflect 5 to 7, 3 to 4, and 0 to 2 metrics at ideal level. 
Covariates
Sociodemographic variables included age, sex, race/ ethnicity (white, nonwhite), marital status (married/ cohabiting, other), socioeconomic status (assessed by occupational position and based on income and work status: high, intermediate, and low), and education (less than primary school [aged <11 years], lower secondary school [aged <16 years], higher secondary school [aged <18 years], university, and higher university degree). Race/ethnicity was self-reported (fixed categories) and collected to study race/ethnicity disparities in health. Depressive symptoms were ascertained using the 30-item General Health Questionnaire. 7 Family history of myocardial infarction or stroke in either parent or in a sibling was reported by participants at each wave.
if the participant did not report having had a diagnosis of stroke. These reports were corroborated in the Hospital Episodes Statistics database (ICD-9 codes 430, 431, 434, 436 and ICD-10 codes I60-I64). The ascertainment included transient ischemic attack, ischemic stroke, and hemorrhagic stroke.
9,10
Mortality data came from linkage to the British National Mortality Register. We examined deaths due to cardiovascularrelated causes (ICD-9 codes 390-459 and ICD-10 codes I00-I99) and cancer-related causes (ICD-9 codes 140-208 and ICD-10 codes C00-C97).
Statistical Analysis
The 2 steps of analyses for this study are summarized in eFigure 1 in the Supplement.
Time-Varying Analysis
Cardiovascular health status, the number of ideal metrics (range, 0-7), and the 14-point cardiovascular health score between 1985/1988 and 2015/2016 were used as time-varying variables in Cox proportional hazard regression. At each date of an event (CVD or death), the model used the cardiovascular health exposure present at the visit just before the event.
In case of missing cardiovascular health exposure, the last carried forward approach was used. Coronary heart disease and stroke were investigated as a combined CVD end point but also as separate outcomes. For the 141 participants who had coronary heart disease and a stroke, follow-up was censored at the date of first event. When investigating associations of cardiovascular health exposures with cause-specific mortality, competing risk analysis with the Fine and Gray method 11 was used and subdistribution hazard ratios (HRs) were estimated. Between 1985 Between /1988 Between and 1997 Between /1999 and Subsequent Outcomes Change in cardiovascular health categories yielded 9 possible combinations of cardiovascular health status: consistently low, consistently moderate, consistently high, low to moderate, low to high, moderate to high, high to low, high to moderate, and moderate to low cardiovascular health. In these analyses, follow-up for CVD and mortality started from the 1997/1999 examination. Kaplan-Meier curves of incident CVD events and all-cause mortality across combinations of change in cardiovascular health were compared with the log-rank test using time in study as the time scale. The HRs of CVD and allcause mortality for each combination of cardiovascular health change were computed in Cox models using the consistently low cardiovascular health group as the reference category. The HRs per unit of change in the number of ideal metrics and in the 14-point cardiovascular health score were also estimated. All Cox models (ie, the time-varying models and the models with cardiovascular health change) used age as the time scale and were stratified by year of birth (5-year intervals) to account for birth cohort effects. In addition, all models were adjusted for baseline covariates (sex, race/ethnicity, education, occupation, depression, family history of CVD), and baseline number of ideal metrics or cardiovascular health score as appropriate. Depression was accounted for as a confounding factor because individuals with depression have lower cardiovascular health 12,13 and a higher CVD risk. 14 However, to address the potential for depression to lie on the causal pathway to CVD, post hoc analyses were also conducted that removed depression as a covariate. The proportional hazard assumption was assessed by visual inspection of the survival curves and the Kolmogorov test. The linearity assumption for the models with the number of ideal metrics and the 14-point cardiovascular health score as continuous exposures was assessed by comparing the Akaike information criterion of linear models with models including quadratic and cubic terms.
Change in Cardiovascular Health
Sensitivity Analyses
The analysis was repeated with 4 groups of cardiovascular health change, as used in the Framingham Offspring Study, 4 using the 14-point cardiovascular health score: consistently high (≥8 to ≥8), high to low (≥8 to ≤7), low to high (≤7 to ≥8), and consistently low (≤7 to ≤7). Change in the number of ideal metrics between 1985/1988 and 1997/1999 as the exposure was evaluated in the Cox analysis using those with no change as the reference category. Also, missing cardiovascular health metrics and covariates were imputed by multiple imputation (using fully conditional specification method under SAS MI procedure, n = 10 imputations). In addition, the associations between time-varying and change in the individual cardiovascular health metrics with outcomes were investigated. Statistical analyses were performed using SAS version 9.4.
Results
The study population included 9256 participants free of CVD who had data on all 7 cardiovascular health metrics at baseline. Their mean (SD) age was 44.8 (6.0) years, and 32% were women ( Table 1) . The 1052 participants excluded at baseline had a poorer sociodemographic and cardiovascular risk profile (eTable 2 in the Supplement).
Prevalence of Cardiovascular Health Status From 1985/1988 to 2015/2016
The baseline characteristics of the study population and characteristics at each wave are displayed in Table 1 , which shows that the sociodemographic profile did not vary across the waves. The prevalence of high cardiovascular health was 15.0% at baseline and ranged from 7.2% to 9.8% thereafter. Participants had a median of 3 ideal metrics at each wave, and this was consistent by age, sex, and race/ethnicity (eFigure 2A-2D in the Supplement). The prevalence of individual cardiovascular health metrics is displayed in eTable 3 in the Supplement.
Time-Varying Cardiovascular Health and Risk of CVD and Mortality
The median follow-up of 29. (Table 2) . Similar findings were observed for all-cause mortality (Table 2) , coronary heart disease and stroke (eTable 4 in the Supplement), and cause-specific mortality (eTable 5 in the Supplement). The incidence rates by categories of cardiovascular health, number of ideal metrics, and level of 14-point cardiovascular health score at baseline are given in Table 3 .
Change in Cardiovascular Health (1985/1988 to 1997/1999) Change in cardiovascular health was examined and calculated among 6236 individuals. There was a median interval of 11.0 (IQR, 9.1-13.3) years in participants having all 7 metrics at both time points. For 37.8% (n = Overall, change in cardiovascular health status was computed over a median follow-up of 10.4 (IQR, 3.8-13.3) years. The characteristics of individuals included in this analysis, compared with those who died (n = 248), had CVD (n = 468) in the interval, dropped out (n = 924), or had incomplete metrics (n = 1290) are shown in the eTable 6 in the Supplement. Figure 1A and B and eFigure 3A in the Supplement show that 12.9% (n = 819) of participants improved their cardiovascular health mostly from low to moderate status (6.8%) and from moderate to high status (5.8%), and only 0.3% (n = 19) improved from low to high status. In 57.9% (n = 3660) of participants with stable cardiovascular health, 13.5% had low cardiovascular health, 38.9% had moderate, and 5.5% had high 14-Point CVH score, median (IQR) e 9 (7-10) 8 (7-10) 8 (7-10) 8 (7-10) 8 (7-10) 8 (7-10) 9 (7-10) Figure 1C and D and eFigure 3B in the Supplement), in women ( Figure 2A and B and eFigure 3C in the Supplement), and in white participants ( Figure 2C and D and eFigure 3D in the Supplement). The remaining baseline characteristics of the participants, by patterns of cardiovascular health change, are shown in eTable 7 in the Supplement.
Change in Cardiovascular Health (1985/1988 to 1997/1999) and Subsequent CVD and Mortality (2017)
The median follow-up of outcomes starting in 1997/1999 was 18.9 (IQR, 17.8 to 19.3) years for CVD and 19.7 (IQR, 18.9 to 19.8) years for mortality, which resulted in 1114 incident CVD (coronary heart disease and stroke) events and 846 deaths. Heatmaps ( Figure 1 and Figure 2 ) and Kaplan-Meier curves ( Figure 3A and B) show the crude incidence rate of CVD and of all-cause mortality by patterns of change in cardiovascular health status. The incidence rates, absolute difference rates, and adjusted HRs for CVD and all-cause mortality are reported in Table 4 and Figure 4 . In multivariable analysis, the risk of CVD was not statistically different from that of the consistently low group (reference) in the low to moderate group (absolute rate difference per 1000 person-years, −1.9 [95% CI, 3) years for cardiovascular disease (CVD) and 19.7 (IQR, 18.9-19.8) years for mortality. Heatmaps of unadjusted incidence rates of CVD and all-cause mortality for change in the number of ideal health metrics are in eFigure 6. Although variable is termed white/nonwhite, race/ethnicity was self-reported using fixed categories. Those with known ethnicity and categorized as nonwhite were South Asian (56%), black (35.4%), and other (8%).
Association of Change in Cardiovascular Risk Factors With Incident Cardiovascular Events
Original 
Sensitivity Analyses
The results with 4 groups of change in cardiovascular health score showed that compared with the consistently low group, those with high to low, low to high, and consistently high cardiovascular health had a lower CVD and mortality risk (eTable 8intheSupplement). Multiple imputations to account for missing cardiovascular health metrics and covariates in either the time-varying analysis (eTable 9 in the Supplement) or the analysis of change in cardiovascular health (eTable 10 in the Supplement) provided results that were consistent with those obtained in the main analyses. The results for the individual cardiovascular health metrics are given in eTable 11, eTable 12, and eTable 13 in the Supplement. Post hoc analyses that excluded depression as a covariate showed minimal differences in findings.
Discussion
In this study, time-varying moderate and high measures of cardiovascular health were associated with a lower CVD risk compared with low cardiovascular health. However, there was no consistent relationship between the direction of change in category of cardiovascular health and risk of CVD. Few previous studies have documented changes in the prevalence of cardiovascular health. Using a metric approach, the National Health and Nutrition Examination Surveys (NHANES) 15 showed significant decrease in the prevalence of smoking, hypercholesterolemia, and hypertension, but showed a significant increase in obesity and diabetes; whereas levels of diet and physical activity were unchanged from 1988/ 1994 to 2008. In the Atherosclerosis Risk in Communities (ARIC) study, 16 the general trend was a decrease in the number of ideal metrics, and only 7% of participants improved their cardiovascular health over 26 years from 1987 to 2013. The present study extends the results of these studies conducted in US participants to a UK population and found that 13% of participants improved their cardiovascular health. This is almost 2 times higher than in the ARIC study. The shorter follow-up (10 vs 26 years), younger age (30-55 years vs 45-65 years), the less ethnically diverse population, and the higher socioeconomic background in the Whitehall II study, as compared with ARIC, may contribute to these differences. In accordance with NHANES and ARIC, the present study found that patterns of cardiovascular health change differed according to age, sex, and race/ethnicity. One previous study, the Framingham Offspring study, evaluated change in cardiovascular health with incident CVD and mortality. 4 Using a 14-point cardiovascular health scale, this study defined low cardiovascular health (score of <8) and high cardiovascular health (score of ≥8) and found that individuals who remained in low cardiovascular health or changed from low to high or high to low cardiovascular health between baseline and a follow-up examination 10 to 17 years later had a higher CVD risk as compared with individuals with persistently high cardiovascular health over time. When this analysis was repeated in the present study, similar results were found. However, the present study evaluated cardiovascular health change with greater precision (9 groups and continuous measures of cardiovascular health change vs 4 groups of cardiovascular health change), had a greater sample size (n = 6326 vs n = 3460), and had a longer follow-up duration for events (median, 18.9 and 19.7 years vs 5.1 years). In addition, 3 prior studies correlated change in cardiovascular health with intermediate end points. The Cardiovascular Risk in Young Finns study 17 (participants aged 9-24 years) showed that an increase in the number of ideal metrics over 20 years was related to a lower prevalence of arterial stiffness, independent of the baseline number of ideal metrics. In ARIC, 16 improvement in cardiovascular health over 26 years of follow-up was associated with lower prevalence of CVD (no data on incident CVD) and better cardiac structure and function. In addition, in the Framingham Heart study, 18 loss of ideal cardiovascular health metrics over 6 years was not statistically significantly associated with coronary artery calcification progression after adjustment for the number of baseline ideal metrics. The inconsistent relationship between the direction of change in category of cardiovascular health and CVD risk in the present study may be explained by a number of reasons. First, there may be truly no relationship between change in categories of cardiovascular health and incident CVD, and the observed inconsistencies may represent random distributions of outcomes.
Second, the concept of cardiovascular health metrics may not be useful to study change in cardiovascular risk factors over time, ie, any causal relationships between cardiovascular risk factors and CVD may be more complex than can be captured with a relatively simple, categorical metric. Third, given that the causal network for CVD is complex, there may be a large amount of unmeasured confounding and mediating embedded within the data in this study.
Fourth, prognosis may be determined primarily by early high cardiovascular health, which may explain that participants who changed from high cardiovascular health to a lower category had a relatively low CVD risk as compared with the other groups of change.
Limitations
This study has several limitations. First, the observational design precludes reaching causal conclusions about the findings.
Second, individuals excluded from the analysis of change in cardiovascular health had a less favorable cardiovascular risk profile, which may have led to an underestimation of the reported associations.
Third, some categories of cardiovascular health change were small in size, potentially explaining that some associations did not reach statistical significance (eg, only 19 participants improved from low to high cardiovascular health).
Fourth, changes in the distribution of cardiovascular health across repeated examinations might have partly been explained by aging, temporal trends, and cohort attrition.
Fifth, the Whitehall II study is based on government employees, which raises the issue of healthy worker effect; it is also mostly composed of white participants, and findings might not apply to other race/ethnicity groups.
Conclusions
Among a group of participants without CVD who received follow-up over a median 18.9 years, there was no consistent relationship between direction of change in category of a composite metric of cardiovascular health and risk of CVD. Role of the Funder/Sponsor: None of the funders had a role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.
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HR stands for hazard ratio; CI for confidence interval; and CVD for cardiovascular disease. 
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